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NMR Mecasurements of Solvent Seif-Diffusion
CoefTicients in Polymer Solutions

Frank D. Bluia,! Stephen Pickup? and R. Allen Waggoner!
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University of Missouri-Rolfa
Rolla, MO 65401

2Department of Chemistry
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INTRODUCTION

The transport of solvents and other small molecules in polymer
solutions is important for a variety of reasons. For exampie, smail
molecule transport 1n polymer solutions may control the rate of chemical
reacuons, the drying of coatings, the loss of plasticizer, cuning of resins,
eliminanon of residual monomer, and controlled release of drugs. The
solc of diffusior. in different chemical systems has been reviewed(1,2
along with the measurement of diffusion coefficients 1n general(3-4).

In this paper we review some of the work which has been done in
our laboratory on the diffusion of small molecules in polymer solutions
and dispersions. The measured diffusion coetficients are shown to be
useful for scientific studies as well as being predictive toots for indusmal
processes. For reference a number of reviews have been - atien on the
technical aspects and applications of the technique (5-9). Some of
these(5,7.8) have sections dealing with polymer systems,

PULSED-GRADIENT SPIN-ECHO NMR
The potennal use of NMR to measure self-diffusion coefficients was

recognized as early as the 1950's. The basis of the technigue is that the

nuclear spins are tagged via their precessional frequencies. The
precessional frequency of a nuclear spin, . 1s given by:
o = ~yH(x) m

where v is the magnetogyric ratio of the nucleus and H is the magnetic
field strength which can be made o vary as a function of position, Xx.
Normally, the magnetic ficld is uniform (homogeneous) over the sample
volume so that 2!l nuclei of the same type have the same resonance
(precessional) frequency. If a magnetic field gradient is used (i.e. H
varies with position), the precessional frequencies will vary with position
and consequently the nuclear spins will be "tagged” by their posinon. )
The basic technique currently used by most researchers is the
pulsed-gradient spin-echo (PGSE) method based on the work of Stejskal
and Tanner (10) as modified by Stilbs and Moseley(11). The pulse!
sequence is shown in Figure I. [t consists of a normal spin-echo pulsef
sequence with two magnetic gradient pulses added. Dunng the spin echo,
(90°-A-180°-A-echo) sequence, normal spin-spin relaxation, T, oceurs |
duning the ume 24 after which the echo 1s formed. A series of spectra are
then coilected as a funcuon of the duranon of the magnenc field gradient

BT I

i =0
L'un“ magneuc\/\}/i\/\ﬁ

i gracient

il e

90° rt 180° rf echo
Figure 1. The PGSE pulse sequence

pulse. 8. The resulting intensity can then be represented by:
I'=1n exp(-24/T5) exp(-¥ G282(A-573)) @
where G is the magnetc gradiant field strength and D is the self-ciffusion

,,,,, (1990)

coetficient. Other comphicating terms ninve reen ot Topieal G
values used range trom | 10 100 causwem 1 imronant o nate that if
the expenments are done at fixed & that the ¢:uaan costtivient cat be

probed independenti. of Ta: however the vawe of Ta sull has an
'mportant effectin the attenuation of all of the specira In pracucal terms
this means that as the diffusion coetticient mets slower tthis usually
corresponds to smaller Ts), lurges pradients are necded 1o measure selt-

diffusion coefficients.

SOLVENT DIFFUSION AND FREE VOLUME

Shown in Figure 2 is an example of the results of PGSE
expeniments on toluene 1h polystyrene sofunonst!2) as a funcuon of
temperature. These results show that the soivent seli-d:ffusion coefficient
vanes over two orders of magnituge from (0 to Y07 pnivmer. These
measurements were made on JEOL FX .90 and FX- 1K) instruments with
field gradients of about 5 G/cm. To obtain setf-diftusion coefficients at
higher concentrations of polymer a larger gracient 1s necaed such as that
used by von Meerwall (5.7). These cata are acequately descnbed by the
free-volume based theory of Vrentas and Duda 131 using thear correlative
approach which requires that two parameters 1o be fitted 1o the
expenmental data.
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Figure 2. Self-diftusion coeflicients of tolucne In polystyrene
solutions(12).

A free velume approach has also been used to compare solvent self-
diffusion data with NMR relaxation dat 1n the polv(isopropyi acrviate)-d/’
chloroform system(14). The rzlaxanon time measurements were the TA's.
of the backbone deuterons. For this svstem it was found that both
concentrauon and temperature superpositions for both sets of data were
identical (within experimental error) suggesting that botn tyvpes of!
phenomena were sensitive to the same free volume fracuon. This type of
analysis needs to be performed on other types of polviner sysiems. |

In the dilute and semi-dilute regimes, 1t has been noted that the
normalized solvent self-diffusion cocfticients in polvmer solutions could
he supermnosed ar lower concentrations. Shown in Ficure 3 are the
toluene self-diffusion coefficients normalized by the self-diffusion
cocfficient of the pure solvent at vanous temperatures. It is obvious that:
the differences between the different temperature data are small at low
concentration and become larger as the concentration increases. This
effect has been venfied by NMR for palvsivrene in either toluene or
cyclohexane, polviethylene oxide) i wiater(15), ard aiso by forced
Rayieigh scattening of poly(vinvi acetate) in methyl redstoluene
solutions(16). The normatized data ali {all on the same plot regardiess of
the strength of the interaction between the polvmer ang the solvent for
binary systems.  This type of analvais mav not hold 1n some three
component systems where one small moiccule i preterentadly attracted to
the polymer(16).
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Figure 3. Normalized sell-diftusion coefficients of toluene in
polystyrene solutions.

There are a variety of mechanisms which can be used to rationalize
the apparent superposition of diffusion coefficients including
obstruction(12) and also free volume effects(17). Regardless of the cause

Shown in Figure 5 are the curves tor the loss of toluene as a
function of time along with our predictionst21). Fosimuiate the drying
curves a finite difference model was uscd(21) along with the evaporation
rate of pure toluene, the Flory-tluggins interaction parameter, and solvent
self-diffusion coetficient data(12). The solvent self-diffusion dita were :
extapolated and interpolated with the usc of the Vrentys-Duda theory(13). .
As can be seen 1a the figere. the agreement between the experimental and .
predicted diffusion curves is excellent, particulasly considering that ro
adjustible parameters were used.

of this phenomena, it can still be used for its predictive nature. An
example. of this was demonstrated in the diffusion of toluene in swollen i
polystvrene beads(18). In this system it was found that the self-diffusion
coefficients of the solvent within the beads could be predicted on the basis
of the soluton diffusion cocfficients plus knowledge of the solvent uptake :
from the swelling ratio. In this case the actual measurement of the |
diffusion coefficient is complicated because contributions trom the solvent
inside and outside the beads; plus exchange, must be considered.

SOLVENT DIFFUSION AND DRYING OF COATINGS

Solvent self-diffusion coefficients have been shown to be useful for
prediction of physical phenomena such as the drying of coatings. Solvent
loss curves for coatings systems usually show behavior which can be
divided into loss controlled by volatility, at early times, and evaporation,
at later tmes(19). In the diffusion controlled region, the mutual diffusion:
cuefficient of the system should control the transport of solvent to the
surface of the coating. The NMR experiment provides a measurement of
the self-diffusion coefficient. Fortunately, in the regime of interest (high
solids contents) the two measurements approach each other, being
identical in the limit of zero solvent content. An example of a comparison
of dara for the toluene-polystyrene system at 110 °C is shown in Figure
4. The self-diffusion coefficients were intcrpolated from data at
temperatures higher and lower than 110 °C and the mutual diffusion data
was from the literature(20). As can be seen from the figure, the two sets
do approach each other at high concentrations of polymer.
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Figure 5 Predicted and experimental drying curves for polystyrene at
25°C.
CONCLUSIONS

The NMR technique for measuring self-diffusion coefficients has
been applied to a variety of solvent-polymer systems. There are a variety
of important problems which can be solved or understood using this type
of data. In the future, more andfurther-reaching applications are expected.
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